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Abstract
Thin film deposition and laser patterning enable production of integrated electronic thin film sensors on component 
surfaces. The process consists of two major processing steps: In a first step the component surface is deposited by 
isolation and sensor films. The sensor film is subsequently patterned by a scanning laser beam in order to generate 
strain sensor structures. By using a scanning laser beam, in principle any complex shaped surface can be processed.
However, scanning of a focused laser beam on curved surfaces requires advanced process knowledge and machine 
control techniques compared to conventional flat-field laser scanning. We have developed a 3D capable laser 
scanning process using a femtosecond laser source, a 3-axis galvanometer scanner and a dynamic intensity 
modulator. The laser process is demonstrated by patterning a NiCr strain sensor on a complex component surface.
The results indicate the potential for integration of electronic thin film systems onto the surface of complex 
component surfaces.
© 2014 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Organizing Committee of SysInt 2014.
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1. Introduction
Strain sensors based on thin film technology enable integration of sensor elements directly into component 
surfaces. Thin film strain sensors allow for measurements of load, pressure or moments with high precision since 
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they show good stability against long-term drift and temperature changes. The film system consists of electrical 
insulation films (e.g Al2O3) and sensor films (e.g. NiCr) which are deposited directly onto the component surface by 
sputter techniques. The sensor structures are subsequently patterned by means of photolithography or laser 
processes. Structuring by photolithography is already established in a variety in industrial applications, e.g. for 
pressure sensors or load cells. However, lithography is mostly limited to planar or only slightly bended surfaces due 
to the use of masks. Alternatively, scanning laser beams are capable to process thin film sensors on, in principle, 
arbitrary shaped surfaces as long as the surface is accessible by the laser beam.
The use of scanning laser beams have been investigated for a variety of thin film applications including e.g. thin 
film solar cells scribing [1], indium tin oxide films [2], as well as patterning of strain sensors [3-5]. A focused laser 
beam is scanned across the surface and selectively removes single or multiple films from a stack in order to generate 
e.g. isolation grooves or conducting paths. Proper choice of laser parameters is required, such as laser wavelength, 
pulse duration, and laser fluence, in order to fully ablate the top film(s) while minimizing thermal damage of the 
underlying film system. High removal selectivity and low thermal damage can be achieved by using short or 
ultrashort laser pulses (nano- to femtosecond pulse duration regime) [6]. Furthermore, fast scanning and short 
processing times are realized by the use of x/y galvanometer scanning systems which allow beam deflection up to 
some meters per second on the work piece. The galvanometer scanner is typically combined with a f-theta lens to 
maintain a planar image field. For homogeneous ablation results the specimen surface must be located near the 
image plane. Thus without additional axes, the process is limited to planar or only slightly bended surfaces.
The possible range of applications can be extended to curved surfaces by including a focus shifter into the 
scanner setup. The servo-controlled focus shifter is synchronized with the x/y scanner movement and enables
scanning of the laser focus in three dimensions. However, the angle of incidence may change while scanning across 
the curved surface, resulting in an inhomogeneous ablation result. This effect can be observed especially at high 
angles of incidence of the laser beam on the surface and it can be attributed to two major effects [5]: (i) If the laser 
beam irradiates a tilted surface the beam profile is projected to a larger spot size and results in a reduced fluence 
(energy per area). (ii) The reflectivity of the surface changes depending on the angle of incidence and the 
polarization of the laser beam. 
In order to compensate for inhomogeneous ablation effects, we have included a fast intensity modulator into the 
machining setup. The modulator is addressed dynamically during a scanning process in order to keep the peak 
fluence constant even at high angles of incidence (> 60°). In this paper, we develop an intensity compensation 
function which is used to generate machining commands. The 3D laser scanning process is demonstrated by 
patterning of thin film strain sensors on a complex surface of a mechanical component.
Nomenclature
F laser fluence (energy per area)
pE laser pulse energy 
T angle of incidence 
0w beam waist radius at focal point
R intensity reflection coefficient
k intensity compensation factor
n~ complex index of refraction
2. Intensity compensation function
Using ultrashort laser pulses with circular Gaussian beam profiles for thin film ablation requires that the film is 
irradiated with a peak fluence above the ablation threshold fluence of the film. The ablation threshold fluence (pulse 
energy per area in J/cm²) is a material specific property but depends on many parameters, e.g. pulse duration, 
wavelength, film thickness, and number of laser pulses per area.
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However, the circular irradiation area at tilted surfaces is projected to a nearly elliptical spot (assuming focusing 
with low numerical aperture) and the peak fluence drops as a cosine function of the angle of incidence. The peak 
fluence on the tilted surface can be calculated using the following relationship:
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where pE is the pulse energy, 0w the beam waist radius in the focal plane and T the angle of incidence, defined 
as the angle between the surface normal and the beam axis. Consequently, increasing the pulse energy by the factor 
Tcos/1 will result in a constant peak fluence of the incident beam while scanning the curved surface.
Furthermore, the reflectivity of the laser beam at the air-film interface depends on angle of incidence and 
polarization. It is described by the Fresnel equations which can be found elsewhere (e.g. in [7]). Since the reflected 
energy does not contribute to the ablation process the incident beam fluence must be corrected by the term )1( R ,
where R is the angular dependent reflection coefficient. Assuming that no energy is transmitted through the film,
the absorbed fluence at the peak of the Gaussian beam is then
)1(01 RFF  . (2)
If 1F is chosen to be equal or larger than the ablation threshold fluence thF the film is ablated upon irradiation.
From the practical point of view it would be desirable to calculate a normalized compensation factor since the 
processing fluences are typically determined empirically at perpendicular angle of incidence. If a pulse energy 0E
has been found at normal incidence which meet the processing requirements (in this case: ablation of NiCr film but 
no damage of isolation film) the pulse energy TE at tilted surfaces would then be corrected by multiplying with the 
compensation factor. The compensation factor is composed from Eq. (1) and (2) and normalized to the case at 
normal incidence, as following:
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Fig. 1. Angular compensation factor for a tilted NiCr surface ( 0.53.2~ in  , 1030 nm). The curves are normalized to intensities at perpendicular 
LQFLGHQFH3RODUL]DWLRQRIWKHODVHUEHDPı-circular; s-linear perpendicular; p-linear parallel.
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Fig. 1 shows exemplary the angular compensation factor for a NiCr surface at 1030 nm wavelength (refractive 
indices 0.53.2~ inNiCr  [8] and 1
~ |airn ). From this graph different compensation strategies can be derived, 
depending on the application scenario:
a. Patterning at small angle of incidence:
Laser processes with nearly perpendicular beam incidence (up to about 30°) may not require intensity 
compensation. Note that focus shifting may still be necessary even at only slightly bended surfaces.
b. Simple bended surfaces with incidence angles smaller than the Brewster angle:
If the surface is bended along a single axis (e.g. a cylinder surface) the orientation of the polarization will not 
alternate. In this case it might be advantageous to use linear polarization parallel oriented to the plane of 
incidence (p-polarization) as the compensation factor is rather constant up to almost the Brewster angle of the 
surface. In this case intensity modulation might also not be required.
c. Complex shaped surfaces and large angle of incidence:
Laser processing on complex shaped surfaces, such as spherical or free-form surfaces, may require intensity 
compensation HVSHFLDOO\ DW ODUJH DQJOHV RI LQFLGHQFH EH\RQG § 30°). The compensation function can be 
simplified by using circular polarization as the azimuth angle of the polarisation does not need to be considered 
for the reflection compensation.
3. Process data preparation
The workflow for generation of the scanning process data is shown in Fig. 2. The input of this procedure is a 2-D
layout of the sensor geometry which is subsequently processed to create a set of commands for machine control 
based on a geometric surface model and the intensity compensation model developed in the previous chapter.
Fig. 2. The scanner control commands are generated based on CAD data and process models.
The sensor layout is typically given as a set of polygons representing the edge of the sensor structure. In a first 
step the sensor layout is mapped onto the surface. In the presented case, the surface is composed of cylindrical and 
toroidal surface elements (cf. Fig. 2). Therefore, the mapping is based on a transformation from 2-D Cartesian into 
cylinder and torus coordinates, respectively. Distortion on non-developable surface elements (e.g. the torus surface) 
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during the coordinate transformation is unavoidable and must be considered during the design process. As distortion
may lead to deformed gage lengths and widths of the strain sensor the nominal resistance value might be affected. 
However, these effects can be pre-compensated by adjusting the strain gage dimensions in the 2D layout.
The transformation is applied to each vertex point of every polygon of the sensor layout. During this process 
curved surface elements are approximated by several line segments of a polygon. A high number of vertices per unit 
length results in a high contour accuracy but also in a large data volume which has to be processed by the machine 
controller. In order to ensure that the laser beam focus is located on the surface at every position the maximum 
segment length should not exceed the depth of focus (e.g. the Rayleigh length of a Gaussian beam). 
The 3D sensor layout is subsequently delivered to a scan path generation algorithm. During this procedure the 
actual trajectory of the laser focus point on the surface is generated. It consists of a series of contour offset 
procedures which generates a set of polylines laying parallel around the sensor layout on the surface. Beam focus 
diameter and number of lines and line distance define the area which is ablated around the contour of the sensor 
layout. 
Finally the intensity compensation is assigned to the scanning trajectory. The angle of incidence of the laser beam 
on each vertex point of the trajectory on the surface is determined and the intensity compensation factor is then 
calculated based on Eq. 3. As a result, the scanning trajectory vectors, which are transferred to the machine 
controller, contain three space coordinates (X, Y, Z) and intensity values (I).
4. Experimental and Results
The experiments are performed with a laser scanning setup schematically shown in Fig. 3. It includes a 
femtosecond laser source (Amplitude Systemes, type ‘s-Pulse-HP’) operating at 1030 nm with a pulse duration of 
0.6 ps and a repetition rate of 100 kHz. The laser beam is intensity modulated by an acousto-optical modulator and 
deflected by a 3-axis scanning system. A telecentric f-theta lens (f=160 mm) is used to focus the beam to a spot size 
of approx. 30 μm. In this configuration the laser focus can be scanned within a volume of 120x120x22 mm³.
The sample thin film system is deposited onto a turned steel component composed of cylindrical surface elements 
and transition radii (torus shape). Insulation film (Al2O3, 3-5 μm) and sensor film (NiCr, approx. 250 nm) are 
applied by sputter technology. The sensor layout as shown in Fig. 4a is placed partly on a cylinder surface with 
45 mm diameter and partly on a torus surface element with radius of 4 mm. The mapping procedure resulted in a 
slight stretching of the layout by maximum 2 % on the torus surface element. A maximum angle of incident of 60° is
also found at the torus surface. For the ablation experiments we choose circular polarization (according to our 
defined application scenario c) and a pulse energy at normal incidence of 0E =1 μJ. The pulse energy during the 
scanning process is modulated up to a maximum compensation factor k =1.8 at 60° (cf. Fig. 1).
Fig. 3. The experimental setup for 3D laser surface processing enables high-speed scanning of the beam focus in three space coordinates and 
synchronized modulation of the laser intensity.
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The result of the scanning process is shown in Fig. 4b. Both sensors could be scanned within 20 s (contour length 
each 330 mm, 6 parallel lines). The entire sensor contour appears to be homogeneously ablated (dark lines) and an 
electrical resistance measurement confirms that the structures are fully isolated from the surrounding film and the 
component body. 
5. Conclusion
A method for compensating inhomogeneous irradiation effects during laser scanning on complex shaped surfaces 
is presented. The method is based on dynamic modulation of the laser beam intensity depending on the angle of 
incidence in order to compensate for spot size effects and reflectivity changes on tilted surfaces. The compensation 
routine is included into the CAD/CAM workflow in order to generate machine control commands which are 
processed by a 3D laser scanning setup with intensity modulator. The laser patterning process is demonstrated by 
patterning of thin film strain sensors on a complex shaped component surface with angles of incident up to 60°. The 
results indicate that the scanning laser beam technique is a tool for flexible and high speed thin film processing on 
complex surfaces to create integrated electronic and sensorial structures for various applications such as monitoring, 
or machine control.
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Fig. 4. Thin film strain sensors on a complex surface: (a) The 3D scanning trajectory visualized in a CAD program and (b) results of the 
laser patterning process on a component surface. Both sensors are electrically isolated from the body of the component.
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